[1] We present an overview of the theoretical and algorithmic aspects of the Ozone Monitoring Instrument (OMI) aerosol and surface UV algorithms. Aerosol properties are derived from two independent algorithms. The nearUV algorithm makes use of OMI observations in the 350-390 nm spectral region to retrieve information on the absorption capacity of tropospheric aerosols. OMI-derived information on aerosol absorption includes the UV Aerosol Index and absorption optical depth at 388 nm. The other algorithm makes use of the full UV-to-visible OMI spectral coverage to derive spectral aerosol extinction optical depth. OMI surface UV products include erythemally weighted daily dose as well as erythemal dose rate and spectral UV irradiances calculated for local solar noon conditions. The advantages and limitations of the current algorithms are discussed, and a brief summary of several validation and evaluation analysis carried out to assess the current level of uncertainty of these products is presented.
Introduction
[2] The Ozone Monitoring Instrument (OMI) is a highresolution spectrograph that measures the upwelling radiance at the top of the atmosphere in the ultraviolet and visible (270-500 nm) regions of the solar spectrum . It is one of four sensors on the Eos-Aura platform. It has a 2600 km wide swath and provides daily global coverage at a spatial resolution varying from 13 Â 24 km at nadir to 28 Â 150 km at the extremes of the swath. Aura is in a sun-synchronous orbit with ascending node Equator crossing time of 13:45. The Aura spacecraft is part of the A-train, which includes 3 other aerosol sensors Aqua-MODIS, Parasol, and CALIPSO. The OMI project is a joint effort by the Netherlands, Finland, and the USA.
[3] Other sensors with OMI-like hyper-spectral capabilities include European atmospheric research instruments such as the Global Ozone Monitoring Experiments (GOME and GOME-2) and the Scanning Imaging Absorption spectrometer for Atmospheric Cartography (SCIAMACHY). NASA's Total Ozone Mapping Spectrometer (TOMS), which preceded these instruments, measures the backscattered UV radiation at six wavelengths.
[4] The OMI measurements are used as input to inversion algorithms to retrieve ozone column amount and its vertical distribution, aerosols, clouds, and total column amounts of the trace gases NO 2 , SO 2 , HCHO, BrO, and OClO.
[5] OMI's prime advantage for aerosol characterization from space is the availability of measurements in the near-UV that can be used for the retrieval of aerosol properties making use of inversion techniques developed for the TOMS sensor. The nearUV technique of aerosol sensing works equally well over all land and water surfaces because of the low UV surface albedo of all ice-snow-free terrestrial surfaces. The availability of UV and visible measurements allows a better characterization of the atmospheric aerosol load. Two aerosol inversion schemes are applied to the OMI measurements; the OMI near-UV (OMAERUV) algorithm uses two UV wavelengths to derive aerosol extinction and absorption optical depth. A multiwavelength algorithm (OMAERO) that uses up to 19 channels in the 330-500 nm spectral range is used to derive aerosol extinction optical depth at several wavelengths.
[6] The OMI measurements are also used to estimate the amount of UV radiation reaching the Earth's surface. The OMI surface UV irradiance algorithm (OMUVB) produces erythemally weighted daily dose, as well as erythemal dose rate and spectral UV irradiances calculated for local solar noon conditions. The erythemal dose rate is calculated by weighting the spectral UV irradiance with the erythemal weighting function [International Organization for Standardization/Commission Internationale de l 'Eclairage, 1999] . The erythemal daily dose is obtained by integrating the dose rate accumulated over the day. The spectral irradiances are provided at four wavelengths (305.1, 310.1, 324.1, 380.1 nm) assuming triangular slit function with full width half maximum of 0.55 nm. Estimation is based on use of a radiative transfer model whose input parameters are derived from the OMI measurements.
[7] In this paper we present an overview of the aerosol and surface UV products derived from the OMI sensor. The algorithms are briefly described in section 2, followed by a discussion about the current and expected application of these products in section 3. Validation needs and data sets available for validation-evaluation analyses are discussed in section 4, and a summary of validation results presented in other papers of this special section is presented in section 5.
Algorithms Overview

NearUV Aerosol Algorithm
[8] The OMAERUV aerosol algorithm uses measurements made at two wavelengths in the UV region (354 and 388 nm) to take advantage of the large sensitivity of the upwelling radiances to aerosol absorption in this spectral region [Herman et al., 1997; Torres et al., 1998 ]. The OMAERUV aerosol products are UV Aerosol Index, and aerosol extinction and absorption optical depths at 388 nm.
[9] There are two major advantages of the near-UV technique for deriving aerosols. The reflectance of all terrestrial surfaces (not covered with snow) is small in UV; therefore the retrieval of aerosol properties is possible over a larger variety of land surfaces than in the visible, including the arid and semi-arid regions of the world that appear very bright in the visible and near-IR. The second advantage is the strong interaction between aerosol absorption and molecular scattering from below the aerosol layer that allows one to estimate the aerosol absorption capacity of the atmospheric aerosols [Torres et al., 2005] .
[10] In the OMAERUV algorithm the first step is the calculation of the Lambert Equivalent Reflectivity (LER) R* 388 , at 388 nm by assuming that the atmosphere scattering is purely Rayleigh, and the atmosphere is bounded by an opaque Lambertian reflector of reflectance R* 388 . R* 388 is usually larger than the true surface reflectivity (R 388 ) due to scattering from clouds and aerosols but it can be smaller if the aerosols are highly absorbing. The LER at 354 nm is estimated by correcting R* 388 for the spectral dependence of surface reflectivity using a pre-computed climatology database (O. Torres et al., Near UV spectral albedo of land and ocean surfaces from TOMS observations, manuscript in preparation, 2007) yielding R* 354.
[11] A key step of the OMAERUV algorithm is the calculation of the UV Aerosol Index (UVAI) as where I 354 calc is calculated assuming an LER of R* 354 .
[12] The UVAI represents error (expressed in percent divided by 2.3) in estimating satellite radiance at 354 nm from radiance at 388 nm assuming purely molecular atmosphere bounded by a spectrally varying Lambertian surface. The UVAI concept was developed empirically from TOMS observations. Near-zero values of UVAI result when the atmosphere is free of aerosols or when there are large nonabsorbing aerosol particles of and clouds present with nearly zero Angstrom coefficient. Aerosols that absorb in the UV (carbonaceous aerosols, desert dust, volcanic ash) are the most important source of positive UVAI values. (Uncorrected spectral variations in surface reflectance, particularly due to sea-glint are another important source). Non-absorbing small particle aerosols yield small negative UVAI values due to their non-zero Angstrom coefficients, but this signal is often buried in noise. Aerosol extinction optical depth (AOD) and aerosol absorption optical depth (AAOD) at 388 nm are derived using a standard inversion algorithm that uses pre-computed reflectances for a set of assumed aerosol models. Three major aerosol types are considered: desert dust (DST), carbonaceous aerosols associated with biomass burning (BIO), and weakly absorbing sulfate-based aerosols (SLF). Each aerosol type is represented by seven aerosol models of varying single scattering albedo, for a total of twenty-one microphysical models. Forward radiative transfer calculations are carried out for each model for a number of nodal points on aerosol layer height and extinction optical depth. The particle size distributions of the twenty-one aerosol models used by OMAERUV are based on observations. The long-term statistics of ground-based measurements by the Aerosol Robotic Network (AERONET) were used to determine the particle size distribution functions required for the forward calculations. Table 1 lists the parameters of the aerosol models used in the inversion.
[13] For a chosen aerosol type, represented by a subset of seven aerosol models, the extinction optical depth and single scattering albedo are retrieved by examining the variability of the relationship between the 354-to-388 nm spectral contrast and the 388 nm reflectance [Torres et al., 1998 [Torres et al., , 2002a . 3e-3, 2.6e-3, 5.6e-3, 8 .3e-3, 1.3e-2, 2.3e-2 388 nm: 0, 0.9e-4, 1.8e-3, 4.0e-3, 6.0e-3, 9.2e-3, 1.7e-2 a Number-weighed particle size distribution parameters: fine and coarse mode radii and variance, coarse mode fraction. The last column shows nodal points in imaginary refractive index (wavelength independent for the sulfate and carbonaceous aerosols and spectrally dependent for desert dust aerosols).
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[14] The selection of an aerosol type makes use of a combination of spectral and geographic considerations. Since UVAI is largely sensitive only to the UV-absorbing aerosols, it is used to differentiate between carbonaceous and desert dust aerosols, which absorb in the UV, from weakly or non-absorbing aerosols types, such as sulfates, nitrates, and sea-salt. To differentiate between carbonaceous and desert dust aerosols, the algorithm takes advantage of the scene darkening effect of desert dust aerosols in the near UV as explained below.
[15] At 388 nm the scattering and absorption effects of desert dust aerosols nearly cancel so the LER is close to the true surface reflectivity. This absorption is caused by hematite or other iron oxides that are the major UV-absorbing components of desert dust. Carbonaceous aerosols, on the other hand generally increase the LER compared to the true surface reflectivity. Threshold values of the aerosol-related change in LER (R* 388 -R 388 ) and the UVAI are used in conjunction with scene type considerations to select an aerosol type.
[16] Since the retrieval algorithm is sensitive to the aerosol height [Torres et al., 1998 ], results are reported for five different assumptions on the location of the aerosol center of mass: at the surface, and at 1.5, 3.0, 6.0 and 10.0 km above the surface. In addition, best estimate values of AOD and AAOD associated with a particular choice of aerosol vertical distribution are made available. The choice of vertical distribution varies with aerosol type and location. For sulfate-based aerosols the assumed vertical distribution is largest at the surface and decreases exponentially with height. Carbonaceous aerosols layers within 30°of the Equator are assumed to have maximum concentration at 3 km above ground level, whereas mid and high-latitude smoke layers are assumed to peak at 6 km. This step change may produce a discontinuity in the OMI retrieved parameters associated with the possible meridional flow of carbonaceous aerosols across the 30°parallel.
[17] The location of desert dust aerosol layers varies between 1.5 and 10 km, and is given by a multiyear climatological average of Chemical Model Transport (CTM) calculations using the GOCART model [Ginoux et al., 2001 ] at a lat-lon resolution of 2°Â 2.5°.
[18] Results are also reported at 354 and 500 nm. The conversions from 388 to 354 and 500 nm are carried out to facilitate comparisons with measurements from other spaceborne and ground-based sensors, as well as with model calculations, which often report values at 500 nm. However, this transformation increases the dependence of the algorithm on the assumed model of aerosols, so the reported values at the other wavelengths, particularly those at 500 nm, should be considered less reliable.
[19] Given the relatively large size of the OMI pixels (compared to sensors specifically designed for aerosol retrieval, such as MODIS), OMI pixels are often cloud contaminated. The effect of subpixel cloud contamination is the overestimation of the extinction optical depth and underestimation of the single scattering co-albedo [Torres et al., 1998 ]. However, in the calculation of the absorption optical depth a cancellation of errors takes place that allows the AAOD retrieval even in the presence of small amounts of cloud contamination. Thus subpixel cloud contamination is most serious for AOD retrieval. The AAOD is more tolerant of small amounts of cloud contamination and it is therefore the more reliable OMI aerosol product. UVAI is even less affected by clouds, except that it does not provide quantitative estimate of aerosol absorption.
[20] Cloud interference is less of a problem over arid and semi-arid regions where dust aerosols are commonly present. In the presence of cirrus clouds, however, retrievals errors are likely to take place. The effect of optically thin cirrus is similar to that of subpixel cloud contamination discussed above. Cloudless skies are also frequent in areas of seasonal biomass burning and forest fires in the vicinity of the sources. As the plumes of dust and smoke aerosols drift away from their source regions, they get mixed with clouds. This problem is particularly serious over the oceans which are frequently covered with thin cirrus and fairweather cumulus clouds. Therefore the retrieval of AOD from OMI should be considered reliable only near the source regions.
Multiwavelength Aerosol Algorithm
[21] The OMI multiwavelength algorithm OMAERO [Torres et al., 2002b ] is used to derive aerosol characteristics from OMI spectral reflectance measurements of cloud free scenes at up to 19 wavelengths in the spectral range between 330 nm and 500 nm: 331.7, 340.0, 342.5, 354.0, 367.0, 376.5, 388.0, 399.5, 406.0, 416.0, 425.5, 436.5, 442.0, 451.5, 463.0, 477.0, 483.5, 494 .5, and 500.0 nm. These 19 wavelength bands are about 1 nm wide and were chosen such that they are essentially free from strong Raman scattering and gas absorption features except for the band at 477 nm, which comprises an O 2 -O 2 absorption band.
[22] Under cloud-free conditions OMI reflectance measurements are sensitive to the aerosol optical depth, the single-scattering albedo, the size distribution, height of the absorbing aerosol layer, and the surface albedo. The sensitivity to the layer height and single scattering albedo is related to the relatively strong contribution of Rayleigh scattering to the measured reflectance in the UV [Torres et al., 1998 ]. The absorption band of the O 2 -O 2 collision complex at 477 nm is used in OMAERO to enhance the sensitivity to the aerosol layer height (B. Veihelmann and J. P. Veefkind, Comparing OMI height data with spaceborne lidar data, manuscript in preparation, 2007) in a way similar to its use in the retrieval of cloud height [Acarreta et al., 2004] . The OMAERO Level 2 data product contains aerosol characteristics such as AOD, aerosol type, aerosol absorption indices as well as ancillary information. The AOD is retrieved from OMI spectral reflectance measurements and a best fitting aerosol type is determined. The single-scattering albedo, the layer height and the size distribution associated with the best fitting aerosol type are provided.
[23] The multiwavelength algorithm uses forward calculations for a number of microphysical aerosol models that are defined by the size distribution and the complex refractive index (see Table 2 ) as well as the AOD and the aerosol layer height. The models are representative for the main aerosol types desert dust, biomass burning, volcanic and weakly absorbing aerosol. Several subtypes or models represent each of these main types, as listed in Table 2 . Synthetic reflectance data have been pre-computed for each aerosol model using the DAK program (Doubling-Adding KNMI) [De Haan et al., 1987; Stammes et al., 1989; Stammes, 2001 ] assuming a plane-parallel atmosphere and taking into account multiple scattering as well as polarization. The surface albedo spectrum of land scenes is taken from a global climatology that has been constructed using MISR (Multiangle Imaging Spectroradiometer) data measured in 4 bands (at 446, 558, 672, and 866 nm) that are extrapolated to the UV. The spectral bidirectional reflectance distribution function of ocean surfaces is computed using a model that accounts for the chlorophyll concentration of the ocean water and the near-surface wind speed [Veefkind and de Leeuw, 1998 ].
[24] A principal component analysis applied to synthetic reflectance data was carried out to characterize the capabilities of the multiwavelength algorithm [Veihelmann et al., 2007] . This analysis shows that OMI measurements contain 2 to 4 degrees of freedom of signal. Hence OMI spectral reflectance measurements do not contain sufficient information to retrieve all aerosol parameter independently. In order to constrain the retrieval, a pre-selection of the aerosol models is made before retrieving the AOD for a given scene. For a given ground-pixel this pre-selection can reduce the aerosol models considered in the retrieval to one single aerosol model. In this case the AOD is the only free parameter. In the current implementation major aerosol types are pre-selected on the basis of a climatology of aerosol geographical distribution.The multiwavelength algorithm evaluates the OMI reflectance spectrum viz.
in a set of wavelength bands, where E(l l ) and F(l l ) are the Earth radiance and the solar irradiance spectrum in the band with a center wavelength l l ; The index l indicates the wavelength band number; q s is the solar zenith angle. In principle, the algorithm could use all the 19 wavelength bands. In the current implementation, however, 14 wavelength bands are chosen. The retrieved aerosol spectral optical depth is reported at the selected wavelengths.
[25] Aerosol parameters are determined by minimizing
where r*(l l ) is the measured reflectance, r m (t(l ref ), l l ) is the reflectance for the aerosol model m as a function of the aerosol optical thickness t at the reference wavelength l ref , and e (l l ) is the error in the measured reflectance. The merit function is a sum over L wavelength bands. An optimal AOD is determined for each model by a non-linear fitting routine using a modified Levenberg-Marquardt method [More, 1978] . The best fitting aerosol model with the smallest Y m is selected for the present ground pixel. The retrieved AOD value and precision of the best fitting aerosol model are provided in the OMAERO product. Also, the values of single-scattering albedo, size distribution and aerosol height that are associated with the best fitting aerosol model are provided. Additionally, the aerosol models for which the root mean square of the residual reflectance is below a given threshold are provided together The main aerosol types, weakly absorbing aerosol (WA), biomass burning aerosol (BB), desert dust (DD), and volcanic (VO) aerosol are divided into subtypes according to size distribution, refractive index, and vertical distribution. Mean radii r g and variances s of lognormal number distributions are listed for the modes m1 and m2 of bimodal size distributions together with the particle number fraction of the second mode. The imaginary part of the refractive index of desert dust is wavelength-dependent and takes values up to 6.53e-3 (*) or 0.013 (#) in the UV.
with the related AOD and assumed single-scattering albedo values.
[26] Cloudy scenes are excluded from the retrieval using three tests. The first test is based on radiance data in combination with the UV aerosol index as defined in section 2.1. The second test uses cloud fraction data from the OMI O 2 -O 2 cloud product [Acarreta and de Haan, 2002; Acarreta et al., 2004; Sneep et al., 2007] . The third test is based on the spatial homogeneity of the scene.
Surface UV Algorithm
[27] The OMI surface UV algorithm (OMUVB) is an extension of the TOMS UV algorithm developed at NASA Goddard Space Flight Center (GSFC) [Eck et al., 1995; Krotkov et al., 1998 Krotkov et al., , 2001 Herman et al., 1999; Tanskanen et al., 2006] . The OMUVB algorithm is applied to offline production of the global surface UV data using the OMI TOMS total column ozone [Bhartia and Wellemeyer, 2002] . The algorithm is also used in the Very Fast Delivery processing system ; there the total column ozone input is retrieved with the OMI DOAS total column ozone algorithm . The primary contents of the OMUVB product are erythemally weighted daily dose, and erythemal dose rate at local solar noon. Additionally, the product includes spectral irradiances at 305.1, 310.1, 324.1, and 380.1 nm calculated for local solar noon conditions. The spectral irradiances assume triangular slit function with full width half maximum of 0.55 nm. The OMUVB granule contains also additional information, e.g., latitude, longitude, solar zenith angle, and a large number of ancillary parameters relevant for the quality of the data.
[28] Surface UV depends on solar zenith angle, atmospheric ozone, clouds, surface albedo, aerosols and trace gas (e.g., NO 2 , SO 2 ) concentrations, and altitude. The OMI measurements are used as an input for a radiative transfer model to estimate the amount of solar UV radiation reaching the Earth's surface. The OMI surface UV algorithm starts by estimating the surface irradiance assuming clear-sky conditions using basic geophysical information, total column ozone derived from OMI measurements, and climatological surface albedo [Tanskanen, 2004] . The obtained clear-sky irradiance is multiplied with a cloud modification factor that accounts for the attenuation of UV radiation by clouds and non-absorbing aerosols. The cloud modification factor is determined by inverting the measured top-of-the-atmosphere radiance into the effective cloud optical depth using a radiative transfer model that assumes a plane-parallel cloud model. The obtained cloud optical depth is used to determine the spectral attenuation effect on surface UV irradiance relative to the clear sky conditions. The current algorithm does not account for absorbing aerosols (e.g., organic carbon, smoke, and dust) or trace gases, which are known to lead to systematic over-estimation of the surface UV irradiance [Krotkov et al., 1998; Arola et al., 2005; Chubarova, 2004] . There are plans to implement a correction for absorbing aerosols in the future version of the OMI surface UV algorithm, and the potential of the OMI aerosol products to provide the information required for aerosol correction is being investigated.
[29] The OMI measurements are nominally made once a day around 1:45 p.m. local solar time. However, the spectral and erythemal surface UV irradiances are calculated for solar noon, so that they are comparable to each other, which enable plotting of distribution maps. No correction is made for the change in cloudiness or total column ozone between the local noon and satellite overpass time. The chosen approach has made comparison of the OMI-derived irradiances with ground-based measurements difficult. Therefore there are plans to produce for validation purposes an additional set of OMUVB overpass data, that provide irradiances for the actual OMI observation time. The erythemal daily dose is determined by applying the trapezoidal integration method to the hourly erythemal dose rates calculated assuming the total column ozone and cloud optical depth corresponding to a single OMI measurement. The diurnal cloud variation is major source of uncertainty for daily surface UV doses derived from OMI [Bugliaro et al., 2006] . The OMI surface UV data represent the mean surface UV over a wider region (13 km Â 24 km in nadir) rather than at a point, and therefore the satellite-derived data are not fully comparable with the ground-based measurement data representing local conditions.
Data Applications
Aerosol-Cloud Interaction
[30] A unique UVAI property is the capability of detecting aerosol absorption regardless of the overall scene brightness. The UVAI clearly identifies absorbing aerosols even when intermingled with or above clouds. No other passive remote sensing technique can detect aerosol-cloud mixtures. The UVAI also detects absorbing aerosols above highly reflective scenes such as ice or snow covered surfaces.
[31] This UVAI capability is a valuable tool for studies of the radiative transfer aspects of cloud-aerosol interaction. Studies of the radiative forcing effect of aerosols above clouds [Liao and Seinfeld, 1998; Keil and Haywood, 2003] indicate that the net direct radiative forcing effect of an absorbing aerosol layer may change from cooling, for cloud-free conditions, to warming when the aerosol layer lies above low-level stratiform clouds. The presence of absorbing aerosol layers above cloud decks is a common occurrence downwind of biomass burning and pollution aerosol sources as in the example shown in Figure 1 . The Aqua-MODIS true color image on 13 August 2006 (Figure 1a) shows the presence of an optically dense cloud covering a large region (about 1.4 million square km) in the tropical Atlantic off the coasts of Namibia and Angola. The OMI Aerosol Index in Figure 1b shows the spatial extent of a layer of carbonaceous aerosols flowing westward from the source areas in central Africa above the cloud deck over the ocean. The aerosol absorption optical depth over mostly clear areas as derived from OMI observations is shown in Figure 1c . Values in excess of 0.2 are observed toward the northeast corner of the area in the Figure 1c . The CALIPSO [Vaughan et al., 2004] image in Figure 1d clearly shows the vertical distribution of clouds and aerosols for this particular event. The top of the stratiform cloud layer lies at about 2.0 km above sea level. The aerosol layer above the cloud is confined to a layer between about 2.0 and 5 km above sea level. The total south-north extent of the aerosol deck is about 2600 km, with about half this length lying above a continuous cloud deck.
UTLS Aerosols
[32] The UVAI has been instrumental in the discovery of important aspects of aerosol transport both horizontally and vertically. For instance, UVAI observations indicate that smoke aerosol plumes generated by boreal forest fires at mid and high latitudes are associated with the formation of pyro-cumulonimbus clouds capable of transporting carbonaceous aerosols to the upper troposphere and lower stratosphere (UTLS) regions. Although these aerosols intrusions had been detected by SAGE and POAM observations, their connection to boreal forest fires was unequivocally established by UVAI observations [Fromm et al., 2005] . The value of the UVAI for the identification of these episodes lies on its large sensitivity to the height of the absorbing aerosol layer. An aerosol layer at 10 km and higher yields unusually high values of the UVAI that are always associated with this type of events. One such event took place recently in the Southern Hemisphere when brush fires in Australia triggered the rapid ascent of a convective plume that reached the upper troposphere. This event, clearly observed by several space-based sensors, generated a high-altitude smoke layer that traveled around the world in about 10 days between 14 and 25 December 2006. Figure 2 shows a composite of the OMI AI between 14 and 25 December, as the smoke layer travels westward in a latitudinal zone between 20°and 70°. On 16 and 17 December, the aerosol layer drifts south and reaches Antarctica, where it is clearly observed by the UVAI against the bright Antarctica background. CALIPSO observations indicate that the aerosol layer was confined to a layer between 10 and 14 km. Aerosol Index values as large as 34 were observed at the time of maximum altitude (about 14 km) on December 20 off the coast of Chile.
Carbonaceous Aerosols Over Europe
[33] The spatial distribution of the synoptic-scale smoke layer generated by the seasonal biomass burning over the Sahel in January 2007 is shown in Figure 3 . The horizontal extent of the cloud is depicted in Figure 3a in terms of the Aerosol Index. The unusually large horizontal spread of the smoke layer moving west to the tropical Atlantic Ocean and the Southern Hemisphere, and north as far as Portugal, Spain and France could be associated with changes in atmospheric circulation patterns resulting from El Nino event. Figure 3b shows the cloudiness level, in terms of reflectivity, over the analysis area. Smoke presence is clearly indicated by the AI even when mixed with clouds or above clouds as in the region over Portugal where the AI is significantly larger over the cloud than over the clear Figure 1a shows the Aqua MODIS RGB image indicating the presence of clouds. Figure 1b shows the distribution of aerosols as given by the OMI Aerosol Index. Figure 1c depicts the OMAERUV retrieved aerosol absorption optical depth. Figure 1d shows the vertical profile of attenuated backscatter at 532 nm from CALIPSO observations indicating the presence of absorbing aerosol layer over low-level clouds. See text for details.
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[34] The retrieval results of extinction and absorption optical depth are shown in Figures 3c and 3d , respectively. The AOD product is affected the most by subpixel cloud contamination resulting in a significant reduction of the spatial coverage as compared to the AI. As discussed in section 2, the AAOD product is more tolerant of small amounts of subpixel cloud contamination, and its spatial coverage is closer to the AI distribution in Figure 3a .
Global Monitoring of Desert Dust
[35] The seasonal flow of mineral aerosols from the world's major deserts and its trans-oceanic transport across the Atlantic and Pacific Oceans is a well-known phenomenon of importance not just from the climate point of view [Harrison et al., 2001 ], but also of significance in nonclimate related aspects. Dust aerosols may play an important role in heterogeneous atmospheric chemistry processes [Dentener et al., 1996] , as well as a modulator of photochemical processes [Dickerson et al., 1997] . The role of trace metals on mineral dust is very important in several marine biogeochemical processes and ocean fertilization. As a source of iron, dust may be a limiting nutrient for phytoplankton [Fung et al., 2000] and therefore play an important role in the modulation of the global carbon cycle. A connection between high desert dust aerosol concentrations and perturbations to the hydrological cycle has been suggested [Prospero and Lamb, 2003 ] on the basis of longterm record of ground-based observations and TOMS Aerosol Index data. OMI Aerosol Index data in 2005 and 2006 has been used in a recent analysis suggesting that changes in sea surface temperature (associated with the shielding effect of the Saharan dust layer) has an influence on the frequency of occurrence of tropical cyclone activity [Lau and Kim, 2007] .
[36] Daily satellite observations of desert dust at its sources and its transport thousands of kilometers away from their source areas in the African and Asian deserts is one of the most important contributions of the OMI aerosol prod- Figure 4a . The retrieved AAOD (Figure 4b ) shows a reduced coverage especially over the oceans due to cloud contamination and sun glint effects. A further reduction in the spatial coverage is observed in the AOD field ( Figure 4c ). As discussed in section 2, the retrieval error associated with subpixel cloud contamination is largest for the AOD parameter.
UV Radiation Record
[37] The prime motivation for estimation of surface UV from OMI is to continue the long-term satellite-derived surface UV time series. This global record is used together with ground-based measurement data to assess the longterm changes in surface UV radiation. The satellite-derived surface UV time series extends back to 1978 when the first Nimbus-7/TOMS instrument started to provide UV backscatter measurement data. Thus they cover the decades when the ozone layer, that shields the biosphere from UV radiation, has been endangered by the anthropogenic emissions of ozone depleting compounds.
[38] The global distribution of the clear-sky UV Index on 12 October 2004 derived from the OMI measurements is plotted in Figure 5 . It shows elevated surface UV amounts in the southern tip of the South America, which coincides with the breakdown of the southern polar vortex and entering of the ozone depleted polar air masses in to the lower latitudes. Figure 6 shows the erythemal daily surface UV doses in spring 2004 in Ushuaia (54.8S, 68.3W) derived from the OMI measurements and calculated from the ground-based UV measurements of the SUV-100 spectroradiometer of the UV radiation network of the US National Science Foundation. According to the OMI measurements the total column ozone over Ushuaia dropped from 330 Dobson units (DU) on 8 October down to 186 DU on 12 October. This drastic change is also seen in the UV exposure: both the satelliteretrieved and the ground-based surface UV data imply around the 12 October 2004 doses that clearly exceed the climatological UV exposures before the 1980s.
Data Sets for Validation and Evaluation of OMI Aerosols and Surface UV
[39] Satellite measurements provide an estimate of the total atmosphere aerosol load in terms of aerosol optical depth. Typically, a direct evaluation of the retrieval product is carried out by a direct comparison of the retrieved parameter to independent temporal and spatial collocated direct measurements of the same quantity. The aerosol contribution to the upwelling radiance at the TOA, however, depends on a number of aerosol microphysical and optical properties (particle size distribution, complex refractive index) as well as environmental conditions (aerosol vertical distribution, surface albedo) and other retrieval-limiting conditions such as signal contamination from non-aerosol factors (subpixel clouds and ocean color). Since it is not possible to simultaneously derive all this information from the satellite measurements, it is necessary to make assumptions or use external data. Thus, in assessing the quality of the final retrieval product, the validity of those assumptions should also be examined, especially when the assumptions are not firmly based on observational data.
Aerosol Optical Depth Data Sets
[40] Ground-based measurements of aerosol extinction optical depth are the most widely available data for the validation of satellite measurements of the atmospheric aerosol load. AERONET ] is a worldwide network of CIMEL Sun photometers that measures AOD at a number of wavelengths at 15 minutes intervals.
AERONET operates a 4-wavelength instrument (440, 675, 870 and 1020 nm), and a 7-wavelenghth sensor (340, 380, 440, 500, 675, 870 and 1020 nm) . Most of the currently operating AERONET sites, however, are equipped with 7-wavelength instrumentation. Although most AERONET measurements are representative of continental aerosol types, a few island and coastal area stations [Smirnov et al., 2003] are considered representative of maritime aerosol conditions than can be used for validation of satellite retrievals over the oceans.
[41] Airborne measurements of aerosol optical depth are another important type of observations available for validation of satellite retrievals. The fourteen-wavelength Ames Airborne Tracking Sun photometer [Russell et al., 2005] measures the vertical distribution of the atmospheric aerosol load (in terms of extinction coefficient) as well as the column amount integrated down to the flight level. The AATS-14 spectral range includes four wavelengths (354, 380, 453, and 499) in the OMI spectral coverage. Since the launch of OMI in mid-2004, the AATS-14 was flown on INTEX-B/MILAGRO campaigns. In addition to providing total optical depth measurements, the AATS-14 also provides important information on the aerosol vertical distribution, an important factor in the retrieval of absorbing aerosol properties using OMI near-UV observations. The airborne optical depth measurements are particularly useful for the validation of satellite retrievals over the oceans where the surface-based measurements are scarce.
Aerosol Optical Properties Data Sets
[42] AERONET direct sun measurements of spectral optical depth and angular observations of sky radiances at four wavelengths (440, 670, 870 and 1020 nm) are fed to an inversion procedure to retrieve fine and coarse modes of the aerosol particle size distribution, and the complex refractive index of the aerosol column. The aerosol particle size distribution and optical properties are derived by fitting measurements of the spectral AOD and sky radiances to radiative transfer calculations [Dubovik and King, 2000] . The retrieved complex refractive index and PSD parameters are used in the calculation of the single scattering albedo and absorption optical depth that can be directly used for comparison to the OMI retrievals. Similar comparison has been carried out for the evaluation of TOMS retrievals of aerosol absorption [Torres et al., 2005] . These retrieved aerosol properties from ground-based remote sensing are very useful for the evaluation of assumptions regarding the aerosol models in the satellite inversion algorithms. The AERONET derived database on single scattering albedo is the only set of observations available for assessing the accuracy of the aerosol absorption information derived by the OMI near UV algorithm.
Aerosol Vertical Distribution Data Sets
[43] Lidar measurements are the most suitable data for the accurate representation of the aerosol vertical distribution. The Micropulse Lidar Network, MPLNET [Welton et al., 2001] and the European Lidar Network, EARLINET [Bösenberg et al., 2001] are two important sources of ground-based observations of the vertical distribution of aerosol particles. The MPLNET database includes information from 26 sites around the world. Thirteen MPLNET sites Space-based aerosol lidar information is also currently available from CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) a combination of an active sensor with passive infrared and visible imagers to probe the vertical structure and properties of thin clouds and aerosols over the globe [Vaughan et al., 2004] with day and nighttime lidar observations at 532 and 1064 nm. Polarization measurements at the two channels are also available. CALIPSO revolves around the Earth in fly formation with other sensors in the A-train. The quasisimultaneity of OMI and CALIPSO measurements (CALI-PSO overpass takes place five minutes earlier than Aura's), make the CALIPSO data suitable not only for validation of OMI assumptions on aerosol vertical distribution, but also for actual synergistic use of both measurements in retrieval algorithms. Another currently operating satellite-borne lidar is the Geoscience Laser Altimeter System (GLAS) on the IceSat spacecraft [Zwally et al., 2002] , launched in January 2003. Although the frequency of observations have greatly diminished due to the early failure of the 532 nm laser, measurements at 1064 have been made since the launch of OMI. GLAS measurements in the period July 2004 to July 2006 (prior to the deployment of CALIPSO) could be particularly useful in the evaluation of OMI observations.
A-Train Sensors
[44] In addition to the active remote sensing from CAL-IPSO measurements, a wealth of additional quasi-simultaneous information for the assessment of OMI aerosol products is available from other passive sensors operating on A-train platforms. PARASOL flying just five minutes ahead of Aura provides optical depth at 670 and 865 nm for fine and coarse mode aerosols over the oceans, and for fine mode aerosols over land. PARASOL also derives a nonsphericity index particularly useful in the identification of mineral aerosols. The Aura spacecraft flies only eight minutes behind Aqua. Aqua-MODIS aerosol information consists of aerosol optical depth over the ocean and most land areas, as well as information on particle size. The AIRS sensor, also on Aqua, provides information on the presence of desert dust aerosols that interfere with their temperature retrieval [DeSouza-Machado et al., 2006] . These data sets are important for the evaluation of OMI aerosol products, and also potentially they can be integrated in retrieval approaches that take advantage of the particular strengths of each sensor.
Surface UV Data Sets
[45] The most important reference data used in validation are the ground-based surface UV measurements. The validation sites should represent various latitudes, climatic conditions, land cover types and altitudes. Since the OMI surface UV algorithm is based on radiative transfer modeling, all the auxiliary information on atmospheric and surface conditions are useful for checking the validity of the assumptions made in modeling. For example some validation sites provide concurrent measurements of aerosol optical depth and single scattering albedo that can be used to validate surface UV algorithm to account for aerosols. Similarly all the information on ozone and its profile as well as on clouds or trace gases can help in identifying the possible causes of the differences.
[46] Various instruments are used for monitoring of the UV radiation reaching the Earth's surface [World Meteorological Organization, 2007, section 7.3.1] . Currently spectroradiometers are considered the most accurate and versatile instruments to provide reference data for validation of the satellite-derived surface UV. They typically provide tens of UV spectra per day with wavelength resolution of 0.5-1 nm. Spectral UV measurement data are available from two major databases: the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) for 29 stations, and the European Ultraviolet Database (EUVDB) for 43 stations.
Additionally, many networks maintain their own databases: for example the UV measurements of the US National Science Foundation's UV monitoring network data are easily available together with auxiliary data (total column ozone, effective albedo, cloud optical depth) derived from the measured spectra. The auxiliary data are very useful in interpretation of the validation results.
[47] Surface UV irradiance has been derived from many satellite instruments using various methods. For example the solar UV backscatter measurements of the TOMS series, ERS/GOME-1, and ENVISAT/SCIAMACHY instruments have been used to estimate the surface UV irradiances [Eck et al., 1995; Meerkötter et al., 1997; Lubin et al., 1998; Herman et al., 1999; Verdebout, 2000; Van Geffen et al., 2004] . In the near future the Metop/GOME-2 measurements will be used for surface UV estimation [Kujanpää et al., 2006] . Sometimes the attenuation of the UV radiation by clouds have been estimated using the same satellite data as was used for obtaining the total column ozone, but often, the AVHRR and MVIRI measurements have been used to estimate the cloud attenuation. The inter-comparisons of the coexistent satellite-derived surface UV data are useful for identification of the possible systematic differences between the algorithms. Furthermore, in order to study the long-term changes in surface UV radiation there is a need to combine multiple satellite-derived surface UV time series, which requires elimination of the systematic differences between the different data sets.
Evaluation Results
[48] Several validation and evaluation analysis of the OMI aerosols and surface UV products have been conducted and their results are published in separate papers of this special section. A brief overview of those results is presented in this section.
Near UV Aerosol Product
[49] The performance of the OMAERUV algorithm was evaluated making use of ground-based AERONET measurements as well as satellite observations by the Aqua-MODIS and Terra-MISR sensors.
[50] AERONET ground-based direct sun measurements of aerosol optical depth as well as values of retrieved single scattering albedo at a large numbers of sites around the world are used in the assessment of the OMAERUV aerosol products (O. Torres et al., Evaluation of OMI UV aerosol products using AERONET observations, submitted to Journal of Geophysical Research, 2007; hereinafter referred to as Torres et al., submitted manuscript, 2007) . The AOD comparison indicates that the OMAERUV retrieval is severely affected by subpixel cloud contamination. Under conditions of minimum cloud interference reasonable AERONET-OMAERUV comparisons are found. Thus OMAERUV AOD retrievals are more accurate for arid and semi-arid environments during the seasons of active aerosol production when the atmospheric aerosol load is large and the effect of cloud contamination is not significant. The scatterplot in Figure 6 shows the resulting AERONET-OMAERUV AOD comparison at a number of sites in sub-Saharan Africa. For details of the analysis, see Torres et al. (submitted manuscript, 2007) . The OMAERUV Ahn et al., submitted manuscript, 2007) carried out an evaluation of the OMAERUV product using satellite-derived aerosol optical depth from other sensors. Collocated OMAERUV-MODIS AOD measurements are reasonably well correlated. Regional comparisons of the annual aerosol cycle as derived by Aqua-MODIS, Terra-MISR and OMI show good agreement over most of the area in the analysis.
Multiwavelength Aerosol Product
[52] R. L. Curier et al. (Retrieval of aerosol optical properties from OMI radiances using a multiwavelength algorithm: Application and validation to western Europe, submitted to Journal of Geophysical Research, 2007; hereinafter referred to as Curier et al., submitted manuscript, 2007) have performed a validation study of the OMAERO aerosol optical depth data for the 2005 summer. In this validation study ground-based in situ, AERONET Sun photometer and data from the Aqua-MODIS satellite instrument have been used. Because the spectral surface albedo is one of the major uncertainties in the OMAERO algorithm, the spectral surface albedo is derived for the Cabauw measurement site in the Netherlands for the DANDELIONS field campaign, using a combination of ground-based observations and OMI data. The surface climatology used is in good agreement with the derived spectral surface albedo. A favorable agreement has been found between OMAERO data and AERONET data for the aerosol optical thickness. Evidence is found that for arid regions (e.g., Spain and Portugal) the aerosol optical thickness over land is overestimated, because the surface albedo is underestimated. The aerosol optical thickness from MODIS correlates well with the OMAERO data. This correlation is higher over the ocean than over land. It has been observed that the OMAERO multiwavelength algorithm tends to overestimate the aerosol optical thickness, while trends are rendered well.
[ Brinksma et al., submitted manuscript, 2007) . The correspondence between AOT values measured with the ground-based Sun photometers with those retrieved from OMI measurements are excellent, considering the difference in techniques, although it must be said that the statistics are quite poor. Comparisons between OMI and ground-based instruments will be extended to longer time series, as well as to other ground sites.
Surface UV Product
[54] Tanskanen et al. [2007] compared the OMI-derived daily erythermal doses to the daily doses calculated from the ground-based spectral UV measurements from 18 reference instrument. They found that for flat, snow-free regions with modest loadings of absorbing aerosols or trace gases the OMI-derived daily erythemal doses are 0 to 10% overestimated and some 70% of the doses agree within ±20% with the reference dose. However, for some validation sites the OMI-derived daily doses were found to diverge substantially from the reference data. For sites significantly affected by absorbing aerosols or trace gases one expects bigger positive bias up to 50%. For high-latitude sites the satellite-derived doses are occasionally up to 50% too small because of unrealistically small climatological surface albedo. They conclude that the two key priorities in further development of the OMI surface UV algorithm are to introduce a correction to account for absorbing aerosols and trace gases, and to improve the quality of the assumed surface albedo. There are several further studies in progress that focus on validation of the spectral irradiances with the aim of clarifying the role of aerosols and trace gases on surface UV irradiance.
Summary and Conclusions
[55] A general overview of the aerosol and surface UV products from the Aura Ozone Monitoring Instrument has been presented in this paper. For almost three years after launch, the OMI sensor has been successfully extending the multiyear-long on aerosols and surface UV radiation available from observations by the TOMS sensor since 1978.
[56] As in the TOMS aerosol algorithm the OMI near-UV aerosol inversion procedure takes full advantage of the welldocumented sensitivity of UV measurements to aerosol absorption [Torres et al., 1998 [Torres et al., , 2005 . OMAERUV retrieval products consist of the Aerosol Index, and aerosol extinction and absorption optical depth at 388 nm. OMAERUV seeks to extend the near-UV aerosol absorption record available from TOMS since 1978. An assessment of the performance of OMAERUV has been carried out using ground-based observations of aerosol optical depth and single scattering albedo (Torres et al., submitted manuscript, 2007) . Results of this comparison indicate that subpixel cloud contamination is a large source of uncertainty in the derivation of extinction optical depth. As expected, for environments where cloud contamination is not significant, better agreement was found between the ground measurements and OMAERUV retrievals. A particularly encouraging result is the comparison of OMAERUV and AERONET retrieved aerosol single scattering albedo that yields root mean square differences of 0.03. On a larger spatial scale, OMAERUV retrievals of aerosol extinction optical depth have also been evaluated by comparison to MODIS and MISR retrievals (Ahn et al., submitted manuscript, 2007) . Reasonable agreement between OMAERUV and the other two sensors was found. The multiwavelength aerosol algorithm (OMAERO) uses a spectral fitting approach that seeks to exploit the UV-to-visible OMI spectral coverage for aerosol characterization. In this spectral range there is sensitivity to aerosol absorption in the near-UV region, and to aerosol layer height in the near UV and in the absorption band of the O 2 -O 2 collision complex at 477 nm. These sensitivities allow OMAERO to identify realistic aerosol models that are used in the retrieval of aerosol extinction optical depth at several wavelengths in the range 354 -500 nm. OMAERO retrieval results have been evaluated using AERONET ground-based measurements and MODIS retrievals in Western Europe (Curier et al., submitted manuscript, 2007; Brinksma et al., submitted manuscript, 2007) . The most important factors affecting the retrieval quality are subpixel cloud contamination and the prescribed spectral surface albedo.
[57] The OMI-derived surface UV product provides continuation to the widely used long-term record of surface UV based on the series of TOMS instruments. Validation analysis reported in this special section [Tanskanen et al., 2007] shows that the OMI-derived surface UV estimates are accurate for flat, snow-free regions with low concentrations of absorbing aerosols or trace gases in the atmosphere. However, the algorithm could be significantly improved by introducing a correction to account for absorbing aerosols and trace gases, and by improving the quality of the surface albedo climatology.
